CellFigure 1. Detection of a 50 kDa Protein Present in Phagosomes Containing Viable Mycobacteria
(a and b) Subcellular fractionation of phagosomes containing viable (a) and heat-killed (b) mycobacteria. The murine macrophage cell line J774 was infected for 1 hr with M. bovis BCG, followed by a 12 (live) or 2 (dead) hr chase, after which a homogenate was prepared. Organelles were subsequently separated by organelle electrophoresis, and the distribution of the organelle-specific markers as indicated were determined (upper panels). From each fraction, the amount of mycobacteria was quantitated by direct observation by light microscopy after acid fast staining (lower panels). (c) Analysis of proteins present in subcellular fractions isolated from metabolically labeled macrophages. From infected macrophages (upper panels; left, live; right, dead), bacteria containing fractions after organelle electrophoresis were pooled and phagosomes were prepared by low-speed centrifugation as described in Experimental Procedures. Separately, from uninfected macrophages a late endosomal/lysosomal fraction as well as a lysosomal fraction (from pooling exclusively the most anodally ␤-hexosaminidase containing shifted membranes) was prepared by organelle electrophoresis and high-speed centrifugation (lower panels). Proteins from phagosomes were separated by two-dimensional IEF/SDS-PAGE and analyzed by fluorography. Acidic, left; basic, right. The 50 kDa protein specifically associated with phagosomes containing live bacteria is indicated by an arrow. The major spot in phagosomes containing viable mycobacteria represents actin.
with the murine macrophage cell line J774A.1 was investiby heat treatment prior to uptake by macrophages for 1 hr followed by a 2 hr chase (instead of 12 hr, to prevent gated. To analyze the molecular composition of mycobacteria-containing phagosomes, subcellular fractionation excessive degradation of the bacilli) resulted in their recovery in shifted fractions, together with late endowas utilized. Macrophages that had been metabolically labeled with 35 S-methionine/cysteine were infected with somal/lysosomal membranes ( Figure 1b , "Dead", lower panel). Thus, using this method, vacuoles containing live BCG for 1 hr, washed, and chased for 12 hr prior to homogenization and subcellular fractionation. To seplive mycobacteria could be physically separated from those containing dead mycobacteria. arate the different subcellular compartments, organelle electrophoresis was used (Tulp et al., 1994) . During such To analyze the protein composition of the phagosomes containing viable as well as those containing a separation procedure, late endosomes and lysosomes shift toward the anode (Figures 1a and 1b, upper panels) , heat-killed mycobacteria, the bacteria-containing fractions were pooled and sedimented at low speed to prewhereas mycobacterial phagosomes remain in unshifted fractions, as analyzed by the presence of bacteria (Fig- pare a phagosomal fraction as described in Experimental Procedures. Separately, a late endosomal/lysosomal ure 1a, "Live", lower panel). Killing of the mycobacteria fraction as well as a lysosomal fraction was prepared from uninfected macrophages by organelle electrophoresis and high-speed sedimentation. Protein patterns from these organelles were analyzed by two-dimensional IEF/SDS-PAGE followed by fluorography ( Figure  1c The 50 kDa polypeptide was absent from fluorographs prepared from a similar subcellular fraction in the absence of infection, as well as from metabolically labeled bacteria (data not shown), and could be detected in total homogenates from uninfected macrophages, indicating that it represented a host protein.
Cloning and Sequencing of the Phagosomal Protein of 50 kDa
To identify the 50 kDa protein, membrane fractions were subjected to two-dimensional IEF/SDS-PAGE, and after Coomassie blue staining the 50 kDa polypeptide was excised and subjected to lys-C protease digestion and mass spectrometry (Figure 2a were used to immunoprecipitate the 50 kDa protein from lysates of noninfected macrophages that had been metabolically labeled. Analysis by two-dimensional segment bordered by Gly-His (GH) and Trp-Asp (WD) di-IEF/SDS-PAGE and coelectrophoresis with phagosomal peptide residues, but their function remains unknown organelles showed that the immunoprecipitated protein (Neer et al., 1994) . A BLAST search with the 50 kDa migrated at the identical position as the phagosomal 50 protein sequence revealed homology to IR10 (40% idenkDa protein (Figure 2c) . Interestingly, several additional tity), a human WD repeat protein of unknown function, as molecules of the same molecular weight but differing well as to a WD repeat protein identified in Dictyostelium in isoelectric point were detected on the fluorograph, discoideum, termed coronin (35% identity), an actinpossibly representing post-translationally modified forms binding protein involved in actin-based cytoskeletal or, alternatively, closely related proteins.
rearrangements. Furthermore, analysis of the primary The primary sequence of the 50 kDa polypeptide consequence using Prosite revealed the lack of a signal tains five WD repeats (underlined in Figure 2b ). WD repeats are characterized by a ‫04-03ف‬ amino acid residue sequence for targeting to the endoplasmic reticulum as well as the presence of a coiled-coil region within the 32 C-terminal amino acid residues (Berger et al., 1995 were subsequently fixed and stained for lysosomes uspanels). Thus, in macrophages lacking TACO, mycobacteria were rapidly taken up in lysosomes, followed ing antibodies against lysosomal-associated membrane glycoprotein (LAMP) and analyzed by confocal immunoby a complete destruction of the bacilli. fluorescence microscopy (Figure 6b, upper panels) 
Retention of TACO by Mycobacteria to Prevent A Balance between the Host and the Pathogen Lysosomal Delivery
Evidence for a role for TACO in vivo in the containment The distribution of TACO during phagocytosis suggests of mycobacteria in a viable state was provided by the that it represents a coat protein of the mycobacterial finding that infiltrated macrophages in liver granulomas phagosome. Vesicular coat proteins are transiently reexpressed TACO, whereas the resident liver macrocruited onto membranes and required in a defined budphages, the Kupffer cells, did not. The liver is the prime ding or fusion step or during organelle maturation to target for infectious agents that have accessed an ortransfer cargo from one stage to another ( Mycobacterial survival was analyzed by lysing cells in D-PBS and a mass tolerance of 0.006% was allowed. containing 0.5% Triton X-100 and sedimentation of the bacteria at 2700 ϫ g for 10 min. The pellet was resuspended in 7H9 medium, cDNA Cloning and Sequencing and different dilutions were plated out on 7H11 agar (Difco), suppleTo obtain the cDNA encoding TACO, a mouse macrophage ZAP mented with 10% OADC Middlebrook and glycerol (5 ml/l). After 3 II library (from peritoneal macrophages; Stratagene) was screened weeks, the number of colonies formed was determined from the with a probe amplified from human spleen cDNA (Clonetech) using appropriate dilutions. the following primers: 5Ј-CCAGTGCTATGAAGATGTGCGCG-3Ј (forIn vivo infection was performed by injecting 8-week-old BALB/c ward primer) and 5Ј-ATGATGCGCACGCGCTTGTCACGGC-3Ј (remice intravenously with 0.2 ml of M. bovis BCG (Japan BCG Inc., verse primer). Positive clones were expanded, and the pBluescript Tokyo, Japan), dissolved in physiological saline at a concentration phagemid containing the cloned DNA inserts was excised by coinof 10 mg/ml. The liver was removed at various intervals after BCG fection with helper phage in XL1-Blue MRFЈ to yield TACOpBL-SK. injection and processed for immunohistochemistry.
Sequencing was performed using the ABI PRISM Dye terminator Polyclonal antisera were raised against KLH-coupled peptides in cycle sequencing reaction (Perkin Elmer, Foster City, CA) and anaNew Zealand white rabbits, and antibodies were affinity purified by lyzed using an ABI 373 DNA sequencer. For the construction of a affinity chromatography using the immunizing peptides as ligands.
eukaryotic expression construct, a TACO-encoding fragment was Monoclonal antibodies were generated by immunizing rats ( Immunofluorescence Microscopy and Immunohistochemistry zation buffer, and organelle electrophoresis as well as the determiCells were grown on glass coverslips and infected as described nation of organelle specific markers was carried out as described above. After incubation, cells were fixed in 3% paraformaldehyde (Ferrari et al., 1997) . The presence of mycobacteria was determined (at 37ЊC) for 10 min, washed in PBS, and permeabilized in 0.1% by centrifugation of the fractions onto glass coverslips followed by saponin in PBS for 30 min at room temperature. Saponin (0.1%) acid fast staining (Difco) and quantitation by direct observation of was included in all subsequent incubations. Alternatively, cells were the coverslips. Phagosomes were isolated after pooling of the bactefixed in methanol (4 min at Ϫ20ЊC). Coverslips were incubated with ria-containing fractions followed by sedimentation at 100,000 ϫ g. primary antibodies for 40 min at room temperature, washed in PBS The membrane pellet was resuspended in homogenization buffer, containing 2% BSA, and then incubated with FITC and Texas red and phagosomes were collected by low-speed centrifugation (30 coupled goat anti-rabbit and/or goat anti-mouse antibodies (Southmin, 380 ϫ g).
ern Biotechnology Associates, Birmingham, AL). Actin was visualized using phalloidin-Texas red (Molecular Probes, Leiden, The Netherlands). Coverslips were mounted in FluoroGuard Antifade Protein Analysis and Mass Spectrometry Proteins were analyzed using one-dimensional (10%) SDS-PAGE Mounting Reagent (Bio Rad) and analyzed using a confocal laser scanning microscope system (MRC-600; Bio Rad laboratories, Heraccording to Laemmli (1970) or two-dimensional IEF/SDS-PAGE as described (Lefkovits et al., 1985) . For mass spectrometry, twocules, CA) attached to an Axiovert 35M microscope (Carl Zeiss, Inc., Thornwood, NY). For each condition as well as for quantitation, 150 dimensional gels were fixed and stained using colloidal Coomassie (Novex, San Diego CA). The protein spot of interest was excised, bacteria-containing cells were analyzed, and a representative field is shown. digested in situ, and characterized by matrix-assisted laser desorption ionization mass spectrometry (Fountoulakis and Langen, 1997).
For immunohistochemistry, the liver was fixed for 4 hr at 4ЊC in periodate-lysine-paraformaldehyde, washed for 4 hr with phos
